We describe the electronic structure and the origin of ferromagnetic exchange coupling in two new metal complexes, NN-SQ-Co III (py) 2 Cat-NN (1) and NN-Ph-SQ-Co III (py) 2 Cat-Ph-NN (2) (NN ) nitronylnitroxide radical, Ph ) 1,4-phenylene, SQ ) S ) 1 / 2 semiquinone radical, Cat ) S ) 0 catecholate, and py ) pyridine). Near-IR electronic absorption spectroscopy for 1 and 2 reveals a low-energy optical band that has been assigned as a Ψ u f Ψ g transition involving bonding and antibonding linear combinations of delocalized dioxolene (SQ/Cat) valence frontier molecular orbitals. The ferromagnetic exchange interaction in 1 is so strong that only the high-spin quartet state (S T ) 3 / 2 ) is thermally populated at temperatures up to 300 K. The temperature-dependent magnetic susceptibility data for 2 reveals that an excited state spin doublet (S T ) 1 / 2 ) is populated at higher temperatures, indicating that the phenylene spacer modulates the magnitude of the magnetic exchange. The valence delocalization within the dioxolene dyad of 2 results in ferromagnetic alignment of two localized NN radicals separated by over 22 Å. The ferromagnetic exchange in 1 and 2 results from a spin-dependent delocalization (double exchange type) process and the origin of this strong electron correlation has been understood in terms of a valence bond configuration interaction (VBCI) model. We show that ferromagnetic coupling promoted by organic mixed-valency provides keen insight into the ability of single molecules to communicate spin information over nanoscale distances. Furthermore, the strong interaction between the itinerant dioxolene electron and localized NN electron spins impacts our ability to understand the exchange interaction between delocalized electrons and pinned magnetic impurities in technologically important dilute magnetic semiconductor materials. The long correlation length (22 Å) of the itinerant electron that mediates this coupling indicates that high-spin π-delocalized organic molecules could find applications as nanoscale spin-polarized electron injectors and molecular wires.
Introduction
The exchange interaction between localized magnetic moments via delocalized conduction band electrons can lead to long-range magnetic order and ferromagnetic spin alignment in solid-state materials. [1] [2] [3] [4] This delocalized electron-, or carrier-, mediated ferromagnetism also figures prominently in spintronic materials including dilute magnetic semiconductors (DMS). There have been considerable theoretical and experimental studies on DMS materials with the goal of understanding the nature of the ferromagnetic exchange interactions between doped magnetic impurity ions mediated by itinerant electron(s). [5] [6] [7] The mechanism of nanoscale electron correlation leading to ferromagnetic exchange between a delocalized electron and localized magnetic moments is complex and not completely understood. Notably, long-range ferromagnetic exchange between localized spins mediated by delocalized electrons has not been observed in molecular systems. Here we show that long-range electron correlation of localized radical spins, leading to ferromagnetic spin alignment, can be promoted by organic mixed-valency and spin-dependent electron delocalization. A high-spin S T ) 3 / 2 ground state is found for NN-SQ-Co III (py) 2 Cat-NN (1) (py ) pyridine), which possesses mixed-valent catecholate (Cat) and radical semiquinone (SQ) ligands elaborated with localized nitronylnitroxide (NN) radicals. The ferromagnetic exchange is so strong in this complex that there exists no evidence of † The University of New Mexico. ‡ North Carolina State University. § Sungkyunkwan University. low-spin S T )
1 / 2 states being populated at room temperature. In addition, electron delocalization of the itinerant electron within the mixed-valent SQ/Cat dyad in NN-Ph-SQ-Co III (py) 2 CatPh-NN (2) (Ph ) 1,4-phenylene) results in a remarkable ferromagnetic alignment of localized NN radical spins separated by distances greater than 22 Å. These results clearly indicate that very long-range electron correlation can result in the transfer of spin information over nanoscale distances in magnetically dilute metallo-organic hybrid and related systems. Importantly, the itinerant electron in 1 and 2 couples with the localized NN moments via an excited-state donor-acceptor charge transfer configuration. That this occurs in a molecular system is of extreme interest since similar charge transfer mechanisms have been used to explain high T c ferromagnetism in DMSs. 6, 7 Experimental Section General Considerations. Elemental analyses (C, H, and N) were performed by Atlantic Microlab, Inc., Norcross GA. Infrared spectra were collected on a Perkin-Elmer Spectrum RX-1 FT-IR spectrometer for samples cast as a film from CH 2 Cl 2 on a NaCl plate. X-band EPR spectra were recorded on an IBM-Brüker E200SRC continuous-wave spectrometer in fluid solution. Samples were dissolved in CH 2 Cl 2 solution and spectra collected in quartz sample tubes. Fluid solution EPR spectra were simulated using WinSim to obtain accurate hyperfine coupling constants (a N ).
8 Toluene and CH 2 Cl 2 were collected from an alumina column solvent purification system. 9 Q-Ph-NN and Cat-NN were prepared as described previously.
10,11
Lead dioxide and pyridine were purchased from Sigma Aldrich and used as received without further purification. Dicobalt octacarbonyl was purchased from Strem Chemicals and used as received without further purification.
Preparation of Quinone-Nitronylnitroxide (Q-NN).
A 100 mL round-bottom flask containing Cat-NN (102 mg, 0.32 mmol) and 75 mL of CH 2 Cl 2 is stirred at room temperature under nitrogen. An excess of PbO 2 is added (∼500 mg, 2.09 mmol) as a black solid, changing from a dark-blue to a dark-green solution. The mixture is stirred under nitrogen for 3 h to ensure completion. Excess PbO 2 is removed via filtration, and the solution evaporated to afford a green residue that was found to be unstable to atmosphere and degraded over time. The product was therefore carried through to the next step without purification. IR (film from CH 2 Cl 2 ) ν in cm Magnetism. Magnetic susceptibilities were measured on a Quantum Design MPMS-XL7 SQUID magnetometer using an applied field of 0.7 T for Curie plots. Microcrystalline samples were prepared by two methods: (1) samples were loaded into gel cap/ straw sample holders and mounted to the sample rod with Kapton tape; (2) samples were loaded into a Delrin sample holder and screwed into the sample rod. Data from the gelcap samples were corrected for the sample container and molecular diamagnetism using Pascal's constants as a first approximation. The data were further corrected for inaccuracies in the diamagnetic correction by incorporation of a straight line into the overall fit expression, the slope of which represents the residual diamagnetic correction. The data for the Delrin samples were corrected for molecular diamagnetism through Pascal's constants and for the inherent diamagnetism of the sample holder by a background scan subtraction.
NIR Electronic Absorption Spectroscopy. Spectra were collected on a Perkin-Elmer Spectrum RX-1 FT-IR spectrometer for samples cast as evaporated thin-films from CH 2 Cl 2 on a NaCl plate. Solutions of 1 and 2 were prepared using four different solvents (1,2-Cl 2 C 2 H 4 , CH 2 Cl 2 , CCl 4 and CS 2 , see Supporting Information) and loaded into a KBr cavity cell for sample collection. Pure solvent spectra were collected for background correction.
X-ray Crystallography. X-ray crystallography for complex 1 was conducted at the X-ray Structural Facility at North Carolina State University. Data collection and refinement for complex 2 were conducted at the X-ray facility at the University of Michigan. A complete description of the data collected is reported in the Supporting Information.
Electronic Structure Calculations. Spin-unrestricted gas-phase geometry optimizations for compounds 1 and 2 were performed at the density functional level of theory using the Gaussian 03W software package.
12 All calculations employed the B3LYP hybrid functional. A 6-31G* basis set, including polarization functions, was used for all atoms except Co, where a LANL2DZ basis set was employed. Input files were prepared using the molecule builder function in the Gaussview software package. Time-dependent density functional theory was used to calculate the first 60 electronic transitions.
Results
X-ray Crystallography. Schematic structures of both 1 and 2 are depicted in Figure 1 along with ORTEP drawings of their X-ray structures (see Supporting Information for crystallographic details). Compound 1 exists as two crystallographically independent molecules in the unit cell. Important bond lengths for 1 and 2 are compared with those of bona fide SQ and Cat ligands in Table 1 . The data in Table 1 show that both the dioxolene (dioxolene ) SQ/Cat) C-O and C-C bond lengths for 1 and 2 are roughly the average of those observed in Tp delocalization in the SQ/Cat dyad. However, crystallographically imposed inversion centers coincident with the molecular C 2 axes are found in the structures of both 1 and 2, and give the impression that the SQ/Cat dyads are completely delocalized Class III species. 15 Therefore, X-ray crystallography cannot distinguish between averaged bond lengths due to positional disorder and averaged bond lengths due to electron (SQ/Cat) delocalization. A close inspection of the bond lengths within the dioxolene rings (Table 1 ) and comparison to typical values for SQ and Cat merely confirm that the complex exists in the [Co III (diox) 2 ] 0 oxidation state. Electronic Absorption Spectroscopy. We obtained IR-NIR electronic absorption spectra of 2 in four solvents and as an evaporated thin film cast from CH 2 Cl 2 (see Supporting Information for additional spectra of 1 and 2). The CS 2 solution and thin film spectra for 2 are presented in Figure 2 . These spectra display a low-energy band maximum in the 3300-3600 cm -1 range with absorption intensity that extends out to ∼6000 cm -1 . Although instrument limitations preclude the collection of higher-quality spectra, the absorption envelope appears to include some vibronic structure. Similar, albeit less structured, low-energy electronic absorption bands have been observed in other SQ-Co III (diimine)Cat complexes, 16 including the related NN-Ph-SQ-Co III (bpy)Cat-Ph-NN, 17 that display effective C 2 symmetry within the Co(diox) 2 core and an ∼66°dihedral angle between the SQ and Cat planes. In all of these cases, the IR-NIR absorption band has been assigned as a classic Cat f SQ intervalence charge transfer (IVCT) band, and the complexes have been described as being in the Robin and Day Class II limit since the degree of electron delocalization in solution was not able to be directly determined.
18-20
Magnetic Susceptibility Measurements. The nature of the ground spin state, radical-radical exchange couplings, and the ground-state electronic structure has been probed by variabletemperature magnetic susceptibility studies. The variabletemperature magnetic susceptibility data for 1 and 2 were collected from 2-300 K in an applied magnetic field of 0.7 T, and the data are plotted as the product of the paramagnetic susceptibility and the temperature ( para T) in Figure 3 . It is interesting to note that the para T product for 1 is temperature independent above 50 K and displays Curie-Weiss behavior, consistent with an S T ) 3 / 2 paramagnet and indicating that only a single spin state is populated at room temperature ( Figure 3A) . In contrast to the behavior of 1, the para T data for 2 ( Figure  3B ) decreases for temperatures above ∼50 K, and this is indicative of lower multiplicity spin states being populated at these elevated temperatures. The maximum value of para T for both 1 and 2 is very close to 1.88 emu · K · mol -1 , the theoretical para T value for an S T ) 3 / 2 ground state. An S T ) 3 / 2 ground state can only result from dominant pairwise ferromagnetic exchange coupling between SQ and the two NN spin centers in these molecules. The para T product is observed to decrease at temperatures below ∼50 K for both 1 and 2. This is a characteristic feature of these complexes and most likely results from intermolecular interactions that are treated using the Weiss correction. Zero-field splitting (ZFS) of an S > 1 / 2 ground state could also result in a reduction of the para T product at low temperatures. However, the spin-orbit coupling constants of the second row atoms that constitute the NN and SQ radicals are very small. This results in a reduced out-of-state spin-orbit coupling between the ground and excited states, and a negligibly small ZFS that will be dominated by dipolar terms.
11
Analysis Delocalization, the Nature of the Low-Energy Charge Transfer Band, and Interstate Vibronic Coupling. Complexes 1 and 2 both possess planar Co(diox) 2 cores with an effective C 2h symmetry. This is in marked contrast to NN-Ph-SQCo III (bpy)Cat-Ph-NN, which possesses effective C 2 symmetry and a distinctly nonplanar Co(diox) 2 core with an ∼66°dihedral angle between the dioxolene planes. 17 Due to the planarity of the Co(diox) 2 core in 1 and 2, we hypothesized that the degree of electron delocalization should be notably larger than that observed in NN-Ph-SQ-Co For Class III valence delocalized species, a spin-and dipoleallowed optical transition should be observed with an energy that is directly related to the magnitude of the electronic coupling matrix element, H AB . In the intermediate Class II delocalization limit, this is described as a classical IVCT transition involving a one electron promotion from an orbital, φ B , localized on Cat to an acceptor orbital, φ A , localized on SQ.
15,21 However, in the limit of complete Class III electron delocalization, this transition is a bonding to antibonding Ψ u f Ψ g transition, where (Figure 5 ).
15,22,23
Time-dependent DFT (TDDFT) calculations performed on the delocalized ground states of 1 and 2 indicate an intense Ψ u f Ψ g transition at 3700 cm -1 , in very good agreement with the experimental 3500 cm -1 absorption band maximum that we observe for both 1 and 2 (Figure 2 ; see Supporting Information for the spectrum of 1). In the effective C 2h symmetry of the delocalized Co(diox) 2 core present in 1 and 2, the Ψ u 2 Ψ g 1 configuration yields a state of 4 A u symmetry (considering also the symmetries of the two half-filled NN-based orbitals), while the Ψ u 1 Ψ g 2 first excited configuration yields an excited state of 4 B g symmetry. Two energetically proximate states of the same multiplicity are subject to distortion through a vibration which transforms as the direct product of the two states. Thus, the 4 A u ground state is susceptible to a distorting force, F, which results from vibronic coupling with the 4 B g excited state (eq 1).
This will warp the ground-state potential energy surface and result in a double-well potential with a more localized (i.e., Class II) electronic structure description. The symmetry of the vibration that leads to this localization is determined from the direct product Γ A u xΓ B g ) Γ (∂V/∂Q) Q* . As shown in Figure 6 , the distorting mode which couples the 4 A u and 4 B g states transforms as b u .
The 4 B g excited state is expected to dominate vibronic coupling contributions to the 4 A u ground state due to the very small energy gap (∼0.5 eV) between these two states, and this results in an in-plane distortion of b u symmetry that can lead to electronic localization within the Co(diox) 2 cores of 1 and 2 ( Figure 6 ). Thus, the stabilization leading to electron delocalization is in direct opposition to the stabilization gained by vibronic coupling leading to localization. Although the calculated spin density distributions and nature of the low-energy electronic transitions strongly suggest an electronic structure description of 1 and 2 that approaches the Class III limit, the apparent disorder in the crystal structures of 1 and 2 precludes us from determining whether a static b u distortion is responsible for Class II behavior or whether these molecules possess true inversion symmetry and are significantly more delocalized at the Class II/III or Class III limits. However, the quality of the structures is sufficient to determine that the Co(diox) 2 cores of 1 and 2 are indeed planar. The observed planarity in 1 and 2 is important, since higher energy MLCT and LMCT states can also vibronically couple with the 4 A u ground state and lead to nonplanar distortions of the Co(diox) 2 cores.
Magnetic Exchange Coupling. In order to further explore the degree of electron delocalization in 1 and 2, and to understand the electronic origin of their high-spin (S T ) 3 / 2 ) ground states, we have probed the nature of the ground state electronic structure via variable-temperature magnetic susceptibility studies. The para T product for 1 is temperature independent above 50 K, and the data have been fit to a Curie-Weiss model (eq 2) consistent with an S ) 3 / 2 paramagnet ( Figure 7 ). Here T is the temperature, S is the total spin value (S T ) S ) 3 / 2 ), N is Avogadro's number, g is the isotropic g-value, is the Bohr magneton, and k B is Boltzmann's constant.
The best fit of eq 2 to the data yields a negative Weiss parameter (θ ) -2 K), which indicates that weak intermolecular antiferromagnetic interactions are present and responsible for the downward turn in the data below ∼50 K. In marked contrast to the S ) 3 / 2 paramagnetic nature of 1, the para T data for 2 decreases at temperatures above ∼50 K, indicating the population of lower multiplicity spin states. We begin the analysis of 2 by treating the para T data in the localized Class I/II limit, which derives from vibronic trapping due to a localizing b u distorting mode or a lack of resonance delocalization. The appropriate Heisenberg spin Hamiltonian for this situation is given in eq 3 for an unsymmetrically coupled system, which 
Inspection of the structure for 2 indicates that the shortest through-bond exchange coupling pathway between SQ(A) and NN(B) is over 11 bonds, and should be appreciably weaker than the NN(A)-SQ(A) exchange interaction, which is only over 5 bonds. From the distance dependence of J (eq 5), 24,25 the anticipated ratio of 11-bond to 5-bond J-values can be calculated using distances from the X-ray crystal structures. A -value of 0.5 is typical for a 1,4-phenylene bridge, 26 where the distances between NN radicals obtained from the X-ray structures of 2 and Tp CumMe Zn(SQ-Ph-NN) 11 yield r ≈ 16 Å and r o ≈ 7 Å, respectively. This leads to a ratio of J 11-bond /J 5-bond ) 10 -2 .
Thus, the exchange parameter over 11 bonds is expected to be 100-times weaker than the corresponding exchange over 5 bonds. To obtain experimental values of J NN(A)-SQ(A) (5 bonds) and J NN(B)-SQ(A) (11 bonds) the exchange energies that derive from eq 4 can be inserted into the field-independent van Vleck expression (eq 6), where the best fit of the equation to the para T data for 2 is shown in Figure 9 , with values summarized in Table 3 . With the magnetic data supporting strong delocalization in this system, we turn to a more classical approach to establishing mixedvalency and delocalization in the spectroscopic analysis of the . This is 2-3 orders of magnitude greater than that found in 2, leading to a strong resonance interaction between the |S T ) NIR band to support this analysis. It is well established that systems in the Class II mixed-valent regime are very sensitive to solvent, and changing the dielectric constant of the solvent will shift the band maximum, often in excess of 1000 cm -1
. [27] [28] [29] There are also systems that are presented as Class III delocalized yet still demonstrate solvent dependence (∼100-400 cm -1 ).
29
For those systems described as borderline, Class II/III IVCT band shifts of 1000-2500 cm -1 have been reported. 28, 29 Electronic absorption spectra for 2 were collected in several different solvents (see also Supporting Information), to assess solvent dependence on band maxima and band shapes. The results are presented in Table 2 , where the band maximum and bandwidth at half-height are taken as the maximum possible bandwidth for the primary asymmetric feature at ∼3500 cm -1 . The NIR band near 3500 cm -1 is clearly solvent dependent, but the shift is only ∼210 cm -1 , far less than that expected for a Class II mixed-valent system, and contrary to the behavior predicted by Marcus theory, where low dielectric solvents should shift the band to higher energy. 21 Also, the maximum possible ratio ∆ν 1/2 2 /ν max is ∼25% of the Hush prediction of 2312 cm
The Hush prediction is most accurate in the Class II regime, and near the Class I/II border. Once delocalization approaches the Class II/III and Class III limits, the utility of the Hush relationships vanishes. Therefore, values of ∆ν 1/2 2 /ν max less than 2312 cm -1 suggest delocalization either at the Class II/III limit, or deeper into the Class III regime. This presents a limitation of the spectroscopic analysis of delocalized and mixed-valent systems: the distinction between Class I and Class II is very clearsevidenced by the presence or absence of an IVCT bandswhereas there is not always a clear distinction between Class II and Class III. Thus, the latter regimes exist as a continuum. Spectral features of band shape, solvent effects, and band asymmetry are presented as evidentiary for both Class II and Class III systems. 21 In the present case, the use of exchange coupling of pendant, localized NN radicals to report on the level of delocalization within the mixed-valent SQ/Cat dyad is perhaps superior to band shape analyses, as the coupling between the localized NN spins on opposite ends of the molecule can only be achieved in the limit of strong delocalization within the mixed-valent SQ/Cat dyad. Spectroscopic evidence combined with the modeling of variable-temperature magnetic susceptibility provides strong support for delocalization in 2 at the Class II/III border or perhaps deeper into the Class III regime.
Spin-Dependent Delocalization. The HDvV exchange analysis indicates a high level of delocalization in 1 and 2, a result supported by the spectroscopic studies of the NIR band and computational results. In order to further elaborate on their mixed-valent nature and to correlate the ground state of 2 with the excited-state electronic structure, we have applied a more suitable spin-dependent delocalization (SDD) model 22,31-33 to this problem. A spin-dependent delocalization model is appropriate for analyzing the magnetic and spectroscopic properties of these systems since an itinerant electron is present in the mixed-valent dioxolene fragments of 1 and 2. The spin-dependent delocalization Hamiltonian matrices for the S T ) 3 / 2 and 1 / 2 states are given in eq 7, where J ) J NN(A)-SQ(A) . This Hamiltonian yields a modified energy spectrum with twice the number of S T states generated by the HDvV Hamiltonian. 22, 31, 32, [34] [35] [36] In the SDD analysis of the magnetic data, H AB represents a transfer integral whose magnitude reflects the degree of electronic communication and delocalization within the SQ/Cat dyad, and the exchange parameter is J NN(A)-SQ(A) , formally the same as in the HDvV analysis (Figure 8) . In order to minimize the fit parameters in this SDD model, we fixed the value of .
21
H AB to the spectroscopic value of 1750 cm -1 determined from electronic absorption spectroscopy, and set J NN(B)-SQ(A) ) 0 due to the long superexchange pathway between SQ(A) and NN(B). 37 Thus, a high-spin ground state can only result from a nonzero H AB . As a result, the only parameters used in fitting the magnetic data of 2 are J NN(A)-SQ(A) , the electronic g-value, and an intermolecular interaction (θ). The best fit of the SDD model to the data is presented in Figure 11 , and the best fit parameters are J NN(A)-SQ(A) ) 580 cm -1 , g ) 2, and θ ) -2.06 K (Table 3) . This affords an energy gap between the groundstate quartet (Q A ) the first doublet (D A ) of 229 cm -1 . The resultant energy level spectrum (Figure 12 ) that derives from eq 7 requires some comment, as it differs substantially from that commonly encountered for transition metal systems that have been observed to display spin-dependent delocalization. 32, 38 This difference is due to the comparatively weak "single-site" exchange resulting from the 1,4-phenylene bridge 39 and parametrized by the magnitude of J NN(A)-SQ(A) . Coupled with the magnitude of H AB , this leads to a strong configurational mixing between the
1 / 2 〉 states, and this wave function mixing is clearly evident in Figure  12 . In marked contrast to transition metal systems, the "singlesite" exchange term in 2 is significantly reduced by 2-3 orders of magnitude. Thus, for transition metal systems there is negligible mixing between energy levels with the same S T that derive from different electronic configurations and are therefore completely ignored in the analysis of transition metal systems that display spin-dependent delocalization phenomena. The incorporation of the |S T ) 1 / 2 , S A ) 0, S B ) 1 / 2 〉 "non-Hund" 32 states is extremely important in the development of a proper description of both the ground-and excited-state properties of these organic mixed-valence systems that possess high-spin ground states resulting from spin-dependent electron delocal-(37) Theory shows that for H AB > ∼1000 cm -1 the lowest quartet-doublet energy gap is essentially invariant to further increases in H AB . This results in H AB being insensitive to the energy gap (see Figure 12) ization. The resulting energy levels obtained from the antisymmetric HDvV and SDD analyses are summarized in Figure 13 .
Discussion
We have attempted to assess the degree of electronic delocalization in both 1 and 2 by X-ray crystallography, optical spectroscopy, analyses of the magnetic susceptibility data, bonding calculations, and spin density distributions. The observation of (1) a low-energy absorption feature in the IR-NIR region of the spectrum demonstrating a slight solvent dependence, (2) sharp deviations in bandwidth from the Hush prediction, (3) a J NN(B)-SQ(A) /J NN(A)-SQ(A) ratio of unity determined from the HDvV analysis, and (4) calculated ground-state structures and spin density distributions, all point toward a high degree of delocalization and a Class II/III to Class III electronic description for the Cat/SQ dyads in 1 and 2. 29 Provided 1 and 2 reside in the Class II/III limit, the dominant contribution to electronic localization and a barrier to thermal electron transfer most likely results from an in-plane distortion of b u symmetry due to vibronic coupling between the low-lying 4 B g excited state and the 4 A u ground state. Unfortunately, the crystallographic data do not allow for a direct determination of this structural distortion due to the presence of a crystallographically imposed inversion center at the Co ion. In light of the planar Co(diox) 2 cores, it is of interest to note that mixed-valent o-dimethyltetrathiafulvalene cation radical dimers that possess either dimethylsilicon or dimethylgermanium bridges display planar geometries and isotropic proton hyperfine coupling constants consistent with Class III behavior and complete delocalization of the radical electron over the entire molecule on the EPR timescale. 40 The calculated HOMO and SOMO for the odimethyltetrathiafulvalene cation radical dimers are remarkably similar those of 1 and 2 and possess a u and b g symmetry, respectively.
40 Despite a very low HOMO-LUMO gap (∼500 cm -1 ) calculated for the neutral species, the data do not provide any evidence for localization due to the presence of an in-plane b u distorting vibration resulting from vibronic coupling. 40 It is of interest to understand how electron delocalization could be mediated by a low-spin diamagnetic Co(III) center that bridges the two dioxolene units in 1 and 2. In the high delocalization limit (i.e., a low thermal barrier for electron transfer) effective C 2h symmetry is appropriate in the analysis of the data. Here, the local symmetry of the doubly occupied Ψ u orbital lacks the appropriate symmetry to mix with any of the Co d-orbitals, as the latter possess gerade symmetry. However, the Ψ g dioxolene orbital does possess the correct symmetry to mix with the Co d xz orbital to provide a metalassisted pathway promoting electron delocalization of the Ψ g electron. Thus, an effective electron delocalization is primarily 
